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ABSTRACT This paper introduces a persymmetry evaluation of capacitancematrices for resonant capacitive
power transfer. Persymmetry analysis of the capacitance matrix indicates imbalances and allows for
distinction between misalignments and foreign objects. Misalignment and foreign object detection are
achieved with a parameter-based method. Voltages on the transmitter side of a resonant capacitive power
transfer link are leveraged for detection. Simulations and supporting measurements were performed with
a 13.56MHz resonant capacitive power transfer link incorporating a six-plate structure for electric vehicle
charging applications. Metallic and living tissue objects can be detected with the foreign object detection
method. Furthermore, lateral misalignment and its direction are detectable for realignment purposes.
Simulations show that the foreign object detection range is sufficient to avoid exceeding the basic restrictions
for electromagnetic field exposure for kW-range power transmission. The capacitance matrix persymmetry
results indicate that both lateral misalignment and foreign object detection are achievable and distinguishable
with the parameter-based method. This work introduces practical solutions to detecting imbalances in
resonant capacitive power transfer systems, which may improve reliability and safety in applications such
as electric vehicle charging and electrified roadways.

INDEX TERMS Capacitance matrix persymmetry, electric vehicle charging, foreign object detection,
misalignment detection, resonant capacitive power transfer, wireless power transfer.

I. INTRODUCTION
Wireless power transfer (WPT) has gained interest in recent
years due to an increase in mobile electronic devices.
Charging these devices is necessary for continuous operation.
WPT offers a convenient and autonomous way to charge
that may also increase safety in high-power applications
such as electric vehicles (EVs) [1], [2], [3]. Furthermore,
continuous charging of EVs while driving on electrified
roadways has been proposed [3]. Most research in near-field
WPT has focused on inductive power transfer (IPT), which
is based on magnetic field coupling [1], [2], [4]. Capacitive
power transfer (CPT) uses electric field coupling [1], [4].
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CPT is an emerging research topic due to its advantages
over IPT. Neither expensive ferrites nor Litz wires are
needed [4], [5], [6], [7]. Also, lossy eddy currents in nearby
metal generated from alternating magnetic fields can be
avoided in CPT [7], [8]. Finally, CPT works best at higher
frequencies, which can decrease the size and mass of lumped
elements [5], [9], [10].

Fig. 1 shows a simplified block diagram of a CPT system
with the wireless link in the centre, an inverter on the
transmit side, and a rectifier on the receive side. Resonant
CPT (RCPT) is achieved when both sides of the wireless
link are self-resonant at the operating frequency, e.g., via
inductors [4], [7], [10]. This is advantageous when low
coupling between transmitter and receiver exists, e.g., due to
large air gaps in EV charging [1], [4].

65078

 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ VOLUME 12, 2024

https://orcid.org/0009-0003-2299-7729
https://orcid.org/0000-0003-1261-2402
https://orcid.org/0000-0002-3156-1287


C. Herpers, C. D. Rouse: Matrix Persymmetry Analysis for Misalignment and FOD in Resonant CPT

FIGURE 1. Simplified RCPT system block diagram with a capacitive wireless link [11].

Misalignment of the receiver and transmitter in both IPT
and CPT can lead to reduced efficiency [5], [7], [11], [12],
[13], [14], [15]. In CPT, misalignment can cause imbal-
ances in the wireless link and undesirable common-mode
currents [4], [11], [15]. Some forms of misalignment may
impact the link more dominantly than others [7], [11], [14],
[16], [17]. Lateral misalignment is particularly harmful to the
balance [5], [11], [16], [17] and can occur easily in electrified
roadways, e.g., when an EV drifts from the centre of
the lane.

Foreign objects, including metal objects, may also detune
the link and introduce imbalances [5], [18], [19]. When
foreign objects are close to an RCPT link, they may alter
the coupling, resulting in a shifted resonant frequency [19],
[20] and an imbalanced system [5], [11]. This leads to
reduced system performance and efficiency. If the alteration
is too severe, the system can exhibit harmful common-mode
currents which may damage the RCPT system [4]. Further,
in the scenario of a living (tissue) object, such as an animal
or a human hand, exposure to electromagnetic fields (EMFs)
emitted from the CPT system is a safety concern [1], [5],
[18], [21]. Standards for EMF exposure must be met to
ensure safe operation [22], [23]. If a living object is too
close to the link, meaning the exposure to EMFs is too
high, the system must power down. Hence, foreign object
detection (FOD) systemsmust be part of any high-power CPT
implementation.

Most FOD methods were designed for IPT systems [5],
[19], [21], [24], [25]. Often, they can be categorized into
external sensor-based, such as thermal imaging or radar,
and parameter-based, such as impedance or quality factor
measurement [21], [25]. Parameter-based FOD methods do
not require external circuitry, and parameter variations are
measured to identify the presence of foreign objects. Some
IPT FOD methods also propose additional plates to measure
capacitive changes when a foreign object is present [25],
[26]. Research in IPT has shown that misalignment can
lead to errors in parameter-based FOD [12], [13], [27].
The impact of foreign objects and misalignment in CPT
systems has been studied; however, CPT-specific misalign-
ment detection and FOD methods have yet to be explored
[5], [11], [19], [21].

This paper proposes a novel CPT-specific parameter-based
FODmethod for living andmetallic objects.Moreover, lateral
misalignment can be detected using the same method. The
impact of differentmisalignments alongwith the combination
of lateral misalignment and foreign objects is also studied.

FIGURE 2. Visualization of the six-plate structure with self- and mutual
capacitances [11].

The capacitance matrix provides information to detect and
differentiate lateral misalignment and foreign objects. The
most practically measurable voltages on the transmitter
side are chosen to achieve detection in a real RCPT
system.

Whereas the detection method was proposed in the
underlying conference publication [5], the evaluation of
symmetries in the capacitance matrix and FOD measure-
ments validating the simulations are new contributions.
Furthermore, the relationship between capacitance matrix
persymmetry andRCPT system imbalances is explored in this
work.

In Section II, the capacitance matrix and its symmetry
patterns are presented. Section III introduces the CPT
measurement and simulation setup, as well as the circuit
theory approach. The simulation and measurement results
for lateral misalignment and FOD are found in Section IV.
Finally, Section V summarizes the results and provides an
outlook to possible further research.

II. CAPACITANCE MATRICES
The capacitances of a six-plate structure CPT link are shown
in Fig. 2. Commonmodels only assess the green capacitances
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originating from a four-plate structure and some research
includes the red capacitances to the shields [16], [20].
In this model, self-capacitances to ground, here shown in
blue, are considered as they provide undesirable common-
mode return paths [4]. Electrostatic simulations can yield
capacitance matrices [28]. These capacitance matrices are
directly influenced by misalignment and the presence of
foreign objects.

The capacitance matrix C is square and symmetric due
to reciprocity (Cmn = Cnm) [4], [28]. This matrix also
exhibits persymmetry, i.e., symmetry about the secondary
diagonal, under certain plate numbering schemes, so long as
the transmitter and receiver are aligned and no foreign objects
are present. The secondary diagonal goes from the bottom left
to the top right of the matrix. Furthermore, the combination
of symmetry and persymmetry results in a bisymmetric and
also a centrosymmetric matrix [11]. Eq. (1), as shown at the
bottom of the page.

A centrosymmetric matrix is symmetric around the centre
of the matrix. Hence, for each entry of a k-by-k matrix
amn = ak+1−m,k+1−n is given due to centrosymmetry,
and amn = ak+1−n,k+1−m due to persymmetry [29].
A bisymmetric matrix is a matrix that is both symmetric and
persymmetric [30].

Imbalances in the capacitance matrix, e.g., due to lateral
misalignment or the presence of foreign objects, would cancel
the persymmetry and therefore the centrosymmetry and
bisymmetry of the matrix. The symmetry of the matrix will
prevail due to reciprocity. A metric h of how much symmetry
or anti-/skew-symmetry thematrix exhibits is proposed by the
ratio of Frobenius norms ∥ · ∥

h(B) =
∥Bsym∥ − ∥Bskew∥

∥Bsym∥ + ∥Bskew∥
, (2)

where Bsym is the symmetric part

Bsym =
B + BT

2
, (3)

[·]T denotes the matrix transpose, and Bskew is the skew-
symmetric part

Bskew =
B − BT

2
, (4)

of a matrix B whose diagonal elements were set to zero. This
was done to prevent bias in the symmetry metric that would

normally result from the non-zero diagonal elements ofBsym,
as the diagonal elements of Bskew are always zero. By setting
the diagonal elements of B to zero beforehand, the metric is
less biased and simpler to evaluate.

The same evaluation can be performed for perymmetry.
In order to do so, the matrix must first be rotated 90◦ via
multiplication with the exchange matrix and transposing. The
exchange matrix has ones on its secondary diagonal with
the rest set to zero. The persymmetry metric is denoted by
hp(C) in the following. A purely persymmetric matrix would
result in hp = +1 and a purely skew-persymmetric matrix
in hp = −1. A more comprehensive analysis of RCPT
system imbalances can be achieved by evaluating hp(C) for
the capacitance matrix C than by simply comparing the
individual capacitance entries.

A new bisymmetric matrix C′ can be created when
exchanging the ports 2⃝ & 3⃝ and thereby the entries of the
matrix (5), as shown at the bottom of the next page. The
secondary diagonal now consists of the ‘‘forward capaci-
tances’’ C24 & C35 and the ‘‘shield-to-shield capacitance’’
C16. In contrast, the secondary diagonal of C contains the
‘‘cross capacitances’’ C34 & C25 instead of the ‘‘forward
capacitances’’ [11].

Due to the change of diagonal matrix elements, hp(C) and
hp(C′) together enable a full analysis of the imbalances in the
capacitance matrix.

III. SETUP AND APPROACH
The capacitance matrices of Section II are converted to
lossless admittance matrices Y with the angular frequency ω

according to

Y = jωC. (6)

Fig. 3 shows the external circuitry to the CPT link which was
slightly rearranged compared to [5]. The electrode voltages to
ground, v = [v1, v2, v3, v4, v5, v6]T, are related to the currents
flowing into each electrode, i = [i1, i2, i3, i4, i5, i6]T,
as follows:

i = Yv. (7)

Receive Yr, transmit Yt, and source Ys admittances of a
balanced RCPT system, as well as parasitic admittances to

C=



∑6
n=1 C1n −C12 −C13 −C14 −C15 −C16

−C21
∑6

n=1 C2n −C23 −C24 −C25 −C26

−C31 −C32
∑6

n=1 C3n −C34 −C35 −C36

−C41 −C42 −C43
∑6

n=1 C4n −C45 −C46

−C51 −C52 −C53 −C54
∑6

n=1 C5n −C56

−C61 −C62 −C63 −C64 −C65
∑6

n=1 C6n


. (1)
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FIGURE 3. RCPT link schematics with external circuitry [5].

ground, Ytg and Yrg, define the augmenting matrix Ya:

Ya =


−Ya2 Ya1 Ya1 0 0 0
Ya1 − Ya1 0 0 0 0
Ya1 0 − Ya1 0 0 0
0 0 0 − Yr 0 Yr
0 0 0 0 − Yr Yr
0 0 0 Yr Yr − Ya3

 , (8)

where

Ya1 =
YsYt

Ys + Yt
, (9)

Ya2 = Ytg + 2Ya1, (10)

and

Ya3 = Yrg + 2Yr. (11)

The resonating inductances with their quality factors are
incorporated into Yt and Yr. Thus, i can be expressed as

i = is
Yt

Ys + Yt
+ Yav, (12)

where is = [0, is1, is2, 0, 0, 0]T, and the system is differen-
tially driven, i.e., is1 = −is2. Rearranging:

v = (Y − Ya)−1is
Yt

Ys + Yt
. (13)

Finally, i can be obtained from (7). Thus, the transmitter
voltages

vt1 = v2 − v1 + i2/Yt (14)

and

vt2 = v3 − v1 + i3/Yt (15)

FIGURE 4. Six-plate structure RCPT link diagram under lateral
misalignment and with a foreign object present [5].

can be determined. Section IV will show that these are
sensitive to both lateral misalignment and the presence of
foreign objects. They appear between the transmit circuitry
and resonator and are therefore relatively easy to measure in
practice.

The augmenting matrix Ya is also symmetric due to
the symmetric drive and load circuit, and the entries are
distributed persymmetrically. However, since the external
circuitry is not identical on the receiver and transmitter side,
neither persymmetry, centrosymmetry, nor bisymmetry are
observed.

Fig. 4 shows the RCPT link from a top view. The active
electrodes have a width of w = 135mm and a lateral
spacing of s = 90mm, while the shields have a length and
width of 600mm. The air gap d = 125mm was chosen
as the range from 100mm to 150mm is common for CPT
EV charging [1]. The six-plate structure was chosen as the
shields reduce EMF emissions [17]. Inductors L as seen
in Fig. 4 were designed as part of a split-L compensation
network. The air core copper foil inductor realizations can
be seen on the left side in Fig. 5. The inductor design of
Regensburger et al. [31] was leveraged to simulate and build
the inductors. Lateral misalignment in x-direction is denoted
bym. A spherical foreign object with a radius r has a position
p in x-direction. The RCPT link was designed for high-power
applications in the industrial, scientific, and medical band
of 13.56MHz, as CPT can outperform IPT for frequencies
above 10MHz [9].

Metallic foreign objects were simulated in CST Studio
Suite as perfect electric conductor (PEC) and substituted with

C′
=



∑6
n=1 C1n −C13 −C12 −C14 −C15 −C16

−C31
∑6

n=1 C3n −C32 −C34 −C35 −C36

−C21 −C23
∑6

n=1 C2n −C24 −C25 −C26

−C41 −C43 −C42
∑6

n=1 C4n −C45 −C46

−C51 −C53 −C52 −C54
∑6

n=1 C5n −C56

−C61 −C63 −C62 −C64 −C65
∑6

n=1 C6n


(5)

VOLUME 12, 2024 65081



C. Herpers, C. D. Rouse: Matrix Persymmetry Analysis for Misalignment and FOD in Resonant CPT

FIGURE 5. Measurement setup for FOD with a TSL HBBL4-250V3 sphere.

aluminum in measurements. For living objects, a homoge-
neous mass consisting of a tissue equivalent medium with a
conductivity of 0.75 S/m, a density of 1 g/cm3, and a relative
permittivity of 55 was assumed for frequencies from 4MHz
to 30MHz according to [32].

In the laboratory setup, tissue simulating liquid (TSL)
HBBL4-250V3 with a relative permittivity of 54.4, a density
of 1.042 g/cm3 and a conductivity of 0.73 S/m was used.
These values were targeted and measured by the manufac-
turer (Schmid & Partner Engineering AG) in accordance
with [32]. Fig. 5 shows the RCPT link measurement setup
during measurement with a 50mm radius TSL sphere and
an Agilent N5242A vector network analyzer (VNA). All
electrodes were made from aluminum to reduce weight.
Active electrodes made from copper instead of aluminum
were tested but did not impact the system parameters.
In both cases, an RCPT link efficiency of approximately
96% was measured [5], [11]. Scattering parameters from
the VNA and the differential source currents were used
to determine the transmitter voltages. Measurements were
conducted with a VNA instead of a resonant inverter and
rectifier. These could be damaged by increased current
stress due to imbalances created under lateral misalignment
or the presence of a foreign object, which give rise to
common-mode currents [4]. As the capacitive link and
the compensation stages are purely passive, linearity is
assumed. Hence, low-power measurements with a VNA
give accurate results on the behaviour of the capacitive
link.

Multiple types ofmisalignments can exist in a CPT link [1].
In a practical scenario, the receiver as a mobile device
can be translated into three directions (e.g., x, y, z) and can
rotate about the same three axes. Furthermore, an arbitrary
combination of these can occur. Fig. 6 shows the individual
types of misalignments. On an electrified roadway, medial
alignment (Fig. 6c) will happen due to an EV travelling down
the road, in y-direction. Lateral misalignment (Fig. 6a) can
occur when an EV is not centred in the lane. Tilting (Fig. 6b),
angular (Fig. 6d), as well as vertical (Fig. 6e) misalignment

FIGURE 6. Misalignment types for a six-plate structure CPT link [11].

TABLE 1. Simulation settings for misalignment.

may happen due to uneven roads or tire pressure and load of
an EV. Rotational misalignment (Fig. 6f) could occur while
turning or when being parked.

IV. SIMULATION AND MEASUREMENT RESULTS
A. CAPACITANCE MATRIX PERSYMMETRY
All six types of misalignments from Fig. 6 were evalu-
ated. Table 1 shows the settings for each misalignment
simulation in the electrostatic solver of CST Studio Suite.
In the simulations the receiver was moved linearly over
the range with the set step width. Under alignment and
without any foreign object being present, the simulated
six-plate structure exhibited the capacitance values listed
in Table 2.
The resulting capacitance matrices were assessed based

on their score for persymmetry hp with (2). Fig. 7a shows
the results for the matrix constellation C and Fig. 7b
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FIGURE 7. Persymmetry metric hp evaluation for misalignment and foreign obejcts with matrix constellations C and C′ [11]. (a) misalignment C
(b) misalignment C′ (c) foreign objects C (d) foreign objects C′.

TABLE 2. Self- and mutual capacitances under alignment without foreign
object.

for the matrix constellation C′. Only lateral and angular
misalignment significantly impact the persymmetry. Note
that lateral misalignment only has a significant impact on
the persymmetry of C′, not C. For the remaining types of
misalignments, persymmetry is still observed, even under
strongmisalignment. Hence, they do not imbalance the RCPT
link by themselves.

The ‘‘cross-capacitances’’ C34 and C25 are imbal-
anced under lateral misalignment, but not the ‘‘forward-
capacitances’’ C24 and C35. Angular misalignment shows
imbalance in all of them. For both lateral and angular,
greater misalignment shows a higher deviation from perfect
persymmetry. Lateral misalignment in Fig. 7a shows a
minimum at s + w = 225mm as then two opposing plates
are aligned and a maximum imbalance between C34 and C25
is reached.

The persymmetries of the same matrix constellations were
evaluated in the presence of foreign objects. The object was
moved through the centre of the RCPT link along x-direction
as indicated in Fig. 4 and Fig. 5. Both PEC and TSL spheres
with radii of r = 50mm as well as a hand model with
TSL were simulated. Here, the PEC sphere’s potential is
assumed grounded. The outcomes are plotted in for hp(C)
in Fig. 7c and hp(C′) in Fig. 7d. The spherical foreign
objects show perfect persymmetry for hp(C′) but deviate
from persymmetry for hp(C). As the spheres themselves
are symmetric, persymmetry is given when they are in the
centre of the link at p = 0. The foreign objects imbalance
the ‘‘forward-capacitances’’ C24 and C35 more than the
‘‘cross-capacitances’’ C34 and C25. Hence, the behaviour of
the foreign objects is opposite to lateral misalignment. The
hand model itself is not symmetric and therefore hp(C′)
is not always one, however hp(C) is more sensitive to
it. By comparing the persymmetry metrics of both matrix
constellations hp(C′) and hp(C), lateral misalignment and
foreign objects can be distinguished from one another.

Both lateral misalignment and foreign objects were
simulated simultaneously. Fig. 8 shows the simulation results
for the persymmetry metrics for both matrix constellations
with a TSL object. Vertical cross sections from Fig. 8a
resemble the spherical object results from Fig. 7c, with
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FIGURE 8. Persymmetry metric hp evaluation for combined misalignment and foreign spherical TSL object with matrix constellations (a) C (b) C′ [11].

FIGURE 9. Lateral misalignment detection simulation and measurement
combined results [5].

perfect persymmetry when the foreign object is in the centre
of and far away from the RCPT link. Note that the centre of
the RCPT link shifts withm/2when the receiver ismisaligned
relative to the transmitter. This creates the slight diagonal
behaviour in Fig. 8a. Horizontal cross sections from Fig. 8b
resemble the lateral misalignment results from Fig. 7b. Here
persymmetry is given for no lateral misalignment, m = 0,
regardless of the foreign object position p. Simulations with
a PEC instead of a TSL object show nearly identical results
when the PEC object is floating. With non-symmetrical
objects such as the hand model from Fig. 7c the results
would be less clear. However, with all tested foreign objects
the imbalance on ‘‘forward-capacitances’’ C24 and C35
dominates, compared to ‘‘cross-capacitances’’ C34 and C25.
These results in Fig, 8 clearly indicate that FOD can be
performed under lateral misalignment. Further, the two can
be differentiated from each other by evaluating hp for both
matrix constellations.

B. LATERAL MISALIGNMENT DETECTION
In a scenario such as an electrified roadway, an EV as receiver
may drift from the centre of the lane, making it laterally
misaligned with the transmitter. Lateral misalignment as
shown in Fig. 7 will imbalance the RCPT link more
significantly than other types of non-angular misalignments.

Hence, the detection of lateral misalignment may be a
valuable improvement in the reliability of an RCPT system.
This sensitivity in the capacitance matrix may be used for
the detection of lateral misalignment. With the analysis
presented in Section III, the transmitter voltages can be
determined via (14) and (15). These transmitter voltages
change when imbalances are present, resulting in a reduced
voltage under constant resistance loading [5]. Simulation
and measurement results are shown in Fig. 9 for a loaded
receiver and they compare well. Slight deviations occur
because the feed wires and printed circuit boards are not fully
included in the simulation model. Their effects are estimated
and incorporated in the augmenting matrix Ya. While
the VNA measurements are precise, manual misalignment
is less exact. The transmitter voltage ratio vt2/vt1 was
used to generate a function with odd symmetry over a
misalignment range of ±100mm. With this the direction
and extent of misalignment can be determined, providing
feedback to enable precise realignment of the receiver, e.g.,
on an EV.

C. FOREIGN OBJECT DETECTION
The same transmitter voltages are analyzed with foreign
objects present and the receiver being unloaded. The
unloaded or open receiver would mimic a scenario before
power transfer is initiated. For simulation results, the same
capacitance matrices were used as in Fig. 7c and Fig. 7d. The
measurement results were created with the setup in Fig. 5.
Magnitude and phase information are shown in Fig. 10a and
Fig. 10b, respectively, for a TSL object with r = 50mm.
The same was performed for the metallic spheres (PEC in
simulation and aluminum in measurements). With the object
close or within the RCPT link the voltage magnitudes rise and
the phases deviate from their original state at 0◦ and 180◦.
The voltage magnitude does not reach zero, even with the
object far away, due to the source and ground admittances,
Ytg and Yrg.

It can be seen that the measurements and simulations
for the sphere compare well. Moreover, it was observed,

65084 VOLUME 12, 2024



C. Herpers, C. D. Rouse: Matrix Persymmetry Analysis for Misalignment and FOD in Resonant CPT

FIGURE 10. Transmitter voltages of FOD measurement and simulation results of a TSL sphere and hand model under alignment and unloaded
receiver [11]. (a) magnitude (b) phase.

in simulation and measurements, that the TSL and metallic
FOD results are nearly identical, as the objects were assumed
to be floating in simulation. This is due to the conductivity of
the TSL which is large enough to behave as a good conductor
at 13.56MHz. During the measurements, the objects were
placed on polystyrene foam to ensure theywere not connected
to the electrodes or ground. Phase deviations can be used to
detect an object. For a detection threshold of 10◦ deviation,
the detection range for the sphere is at ±320mm, i.e., 20mm
beyond the shield electrodes on each side. The magnitudes
could be used to identify which side of the RCPT link
the object is located on. A grounded PEC sphere shows
a greater response and is detected further away from the
link [5], [11].

In addition to the spherical foreign objects, a homogeneous
hand model with TSL was simulated. Fig. 10 shows
the corresponding simulation results. Unlike the spherical
foreign object, the hand model did not have a clear centre.
Hence, a knuckle of the index finger was chosen as object
position p, as it was closest to the centre of the RCPT
link. The hand was simulated to be reaching in from both
sides of the link resulting in a jump at p = 0. For the
same detection threshold, the hand model is detectable within
±270mm, i.e., 30mm within the shield electrodes on each
side. The simulation model of the hand only contained a
part of the forearm. An extended simulation model with
more parts of the body may result in a greater detection
range.

Measurements with a loaded receiver were also performed
and compared to simulation results. A loaded receiver
would mimic a scenario during power transmission. Fig. 11
shows the magnitude transmitter voltage results for the same
metallic spheres. The results for the TSL sphere were nearly
identical and therefore not plotted. As the simulations do not
include parasitics from the feeds and printed circuit boards
the absolute values differ. Normalization at p = 600mm,
where the object is furthest away, was chosen. The phase
information is no longer useful for detection in a loaded
scenario. However, the magnitude deviation may be used as

FIGURE 11. Transmitter voltage magnitudes of metallic sphere FOD
measurement and simulation results under alignment and optimally
loaded receiver [11].

FIGURE 12. SAR simulation results for a spherical tissue object [5] and a
hand model [11] averaged over 1 g and 10 g at 10 kW.

an indicator. Compared to an unloaded receiver, the detection
range would be less.

The simulation and measurement results correspond well
in the case of misalignment and for the different objects
and loads. This further validates the model presented in
Section III, Fig. 3, and [5], [11]. The introduction of
the capacitance matrix with self-capacitances in RCPT for
all electrodes [4], [5] is found to be a more accurate
model.
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D. SAR EVALUATION
The detection ranges for spherical objects were put into
perspective in terms of specific energy absorption rate (SAR)
in [5]. Here, the SAR simulation results for the hand model
are also included. As in [5] and [11], CST Studio Suite was
used to evaluate the SAR. Fig. 12 shows the 10 g and 1 g peak
spatial averaged SAR for an exemplary transmitted power
of 10 kW with an optimally loaded receiver. Recent CPT
systems report power levels in the kilowatt range [1], [17],
[31]. The hand model shows a higher SAR than the spheres
due to the more exposed fingers [11]. The simulated spheres
would meet the International Commission for Non-Ionizing
Radiation Protection (ICNIRP) guidelines [22] as presented
in [5]. However, the hand model does not meet the limit of
4W/kg for limbs [22] which is drawn in black in Fig. 12.
In order to meet this limit the detection range would have to
be extended to 340mm or the transmitted power reduced to
1.6 kW [11].

V. CONCLUSION
This article presents a parameter-based FOD method for
both living tissue and metal objects in RCPT systems.
FOD results suggest that EMF exposure levels adhering to
ICNIRP guidelines could be maintained for kW-level power
transmission. Lateral misalignment can also be detected
using the same method. Furthermore, the persymmetry of
capacitance matrices can be analyzed to determine and
differentiate sources of imbalance. Lateral misalignment
and foreign objects cause imbalance for different coupling
capacitances. The capacitance matrix model for RCPT
was further validated through matching simulations and
measurements under the influence of foreign objects. The
presented approach may be used to further identify sources of
imbalance in RCPT systems, and hence to ultimately resolve
these imbalances with precise detection feedback.

Due to its impact on the balance of the link, lateral
misalignment was a focus of this work. Future work may
further investigate the effects and possible detection methods
for angular or other types of misalignments. Furthermore,
the capacitance matrix and its symmetry properties may be
leveraged to design RCPT transmitters and receivers that
are less susceptible to misalignment. Implementation of the
proposed detection methods at high power would be a logical
next step.
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